Observations of the deposits, flow marks, and damages of three mixed-snow avalanches of widely different size were analyzed with regard to flow regimes, velocities, pressures, densities, flow depths, erosion modes, and mass balance. Three deposit types of different density and granulometry could be clearly discerned in these avalanches. They are attributed to dense, fluidized, and suspension flow regimes, respectively. Combining observations, we estimated the density in the fluidized layer as 35-100 kg m −3 , in good agreement with inferences from pressure measurements. Upper bounds for the suspension layer density, arising from the run-up height, velocity, and damage pattern, are about 5 kg m −3 at the valley bottom. An approximate momentum balance of the dense layer suggests that the snow cover was eroded to considerable depth, but only partly entrained into the flow proper. The suspension layer had largely lost its erosive power at the point where it separated from the denser parts of the avalanche. Our estimates shed doubt on collisions between snow particles and aerodynamic forces at the head of the avalanche as sole mechanisms for creating and upholding the fluidized layer. We conjecture that the drag from air escaping from the snow cover as it is being compressed by the overriding avalanche could supply the missing lift force.
Introduction
According to traditional lore, two flow regimes occur in dry-snow avalanches, namely dense flow and suspension flow. The term "powder-snow avalanche" (PSA) is variably used for only the suspension layer or for mixed avalanches. Several avalanche experiments from the 1970s and 1980s [1] [2] [3] [4] indicated that there may be an additional, intermediate-density flow regime. Norem [5] termed it "saltation" in analogy with the three regimes recognized in drifting snow (reptation, saltation, and suspension), but we will call it "fluidized" as this seems to better capture the physical processes at work. Surprisingly, these important findings have not found their way into the general view of avalanche dynamics for a long time (see, e.g., [6, 7] ) and into avalanche flow models in practical use. We were still "avalanche greenhorns" and not aware of the mentioned work when we had the opportunity to investigate three avalanche events-ranging from medium to very large size-in the Swiss Alps in early 1995. All three avalanches exhibited deposits with three clearly distinguishable textures and thus forced us to consider that there are three distinct flow regimes in mixed snow avalanches [8] . In the years since, full-scale experiments at the test sites Vallée de la Sionne [9] [10] [11] [12] [13] [14] and Ryggfonn [15, 16] have confirmed and refined the measurements from the 1970s and 1980s as well as our observations and inferences.
On the theoretical side, these insights have only slowly caught on: Salm and Gubler [17] and Gubler [18] sketched a block model with flow-regime transitions based on the kinetic theory of granular materials. In the NIS model [19] , the collisional normal stress may exceed the overburden at sufficiently high speed, implying a flow-regime transition, but this new flow regime is not modeled. Issler and Gauer [20] extended the NIS model as a block model with flow-regime transitions and showed that it leads to significantly different estimates of the run-out distance and the pressure distribution in the run-out zone. Issler [21] constructed a coupled two-layer model for the saltation and suspension layer, assuming that the head of the avalanche fluidizes quickly and largely decouples from the dense main body; the dynamics of the bottom layer is modeled after the processes known from drifting snow. The two-layer model SAMOS [22] allows the density to vary only in the suspension layer and condenses the intermediate-density layer into an interface condition between the dense and suspended flow. Keshari et al. [23] prescribed vertical profiles of density and velocity in their depth-averaged one-layer model. More recently, Bartelt et al. [24, 25] attempted to model the transition between dense and fluidized flow by employing a balance equation for velocity fluctuations (or granular temperature) that govern a heuristic modification of the Voellmy friction law, whereas Issler et al. [26] pointed out that the relaxation times of the flow depth and density are short so that their evolution can be captured by algebraic rather than differential equations. However, present-day computational tools for practical applications still do not explicitly incorporate this intermediate flow regime despite its important consequences for avalanche hazard mapping and mitigation.
More than two decades after their occurrence, the three avalanches in 1995 still stand out as the most instructive events with regard to flow regimes that we have encountered. A reanalysis of our observations showed that especially the mass balance estimates in [8] need revision and that further interesting inferences on densities, velocities, pressures and erosion rates can be made despite the lack of quantitative information, particularly if our observations from 1995 are combined with observations from avalanches at the test site Vallée de la Sionne in 1999 and on a number of smaller events in the area of Davos, Switzerland, during the winters of [2004] [2005] [2006] . This shows that detailed observations of mixed snow avalanches may provide valuable information that complements the relatively few measurements at instrumented test sites. It thus appeared justified to present our observations of, and inferences from, the avalanches of 1995 and to point out the potential of novel ways of analyzing and interpreting qualitative and semi-quantitative information.
In the present paper, we focus on the interpretation of the observations and relegate the descriptive part to the Supplementary Materials, except for a brief summary in Section 2. The Supplementary Materials also present additional observations from the years 2004-2006 that will be used here and that are described in event-specific reports. Section 3 examines how the deposit properties reflect the flow regime and where the snow clods found in the deposits originate from. Useful information on the dynamical properties of the different flow regimes is extracted by combining various observations in Section 4. An important question is what mechanisms are responsible for creating and maintaining the intermediate ("fluidized") flow regime; we discuss several possibilities in Section 5. Finally, field observations can also yield useful constraints on erosion and entrainment when suitably analyzed, as we show in Section 6.
Summary of Observations
The three avalanches that are described in more detail in the Supplementary Materials, Sections S2-S4, occurred in January 1995 in the Swiss Alps and were a medium-size release from Vilan (2376 m a.s.l., Seewis, Grisons), a very large event from Albristhorn (2763 m a.s.l., Adelboden, Bernese Oberland), and an extremely large one from Scex Rouge (2971 m a.s.l., Les Diablerets, Vaud). They fall into size classes 3-4, 5, and 5+, respectively, in the Canadian Snow Avalanche Size Classification System. The snow pack was cold and dry along the entire path of the Vilan avalanche, but humid in the lower track and run-out area of the Albristhorn and Scex Rouge avalanches. In all three cases, a dense granular or blocky, sharply bounded, and relatively deep deposit (called Type 1 deposit here) was clearly distinguishable from the shallower Type 2 deposit that consisted of snow clods (ranging from less than 1 cm to about 30 cm) and a matrix of fine-grained snow (see Figure 1 ). We found the latter type to transition gradually to a third type of deposit (Type 3) in the distal direction (and possibly also at the lateral margins) as the embedded snow clods become smaller and eventually are absent. The density of the Type 2 deposits varied from (estimated) 400 kg m −3 (Vilan) to nearly 600 kg m −3 (Scex Rouge); Type 3 deposits were somewhat less dense, but still above 400 kg m −3 at both Albristhorn and Scex Rouge.
The avalanche parts that produced Type 2 deposits were significantly more mobile than those giving rise to Type 1 deposits: The Type 2 flow of the Vilan avalanche climbed over the steep embankment at a turn of the main gully ( Figure S5 ), while the Albristhorn and Scex Rouge avalanches ran up the opposite slope some 50 m and more than 100 m in elevation, respectively (Figures 2, S9 and S17). Similar observations have been made not only on the large avalanches at the test site Vallée de la Sionne [27] , but even on very small avalanches ( [28] , Figures 2b and 3) . The mobility of the suspension layer (or powder-snow cloud), which undoubtedly is associated with the Type 3 deposits, is yet much higher-in the case of the Scex Rouge avalanche, the suspension layer propagated some 3 km beyond the Type 2 deposits ( Figure S17 ). For all three events, rough mass balances could be established for the three types of deposit (Tables S1-S3 ). The ratio of total eroded and entrained mass to released mass is around 1 for the Vilan avalanche and between 2 and 3 for the Albristhorn and Scex Rouge avalanches. All three events eroded most of the available new snow in substantial parts of the overflowed area; the two large avalanches also entrained large amounts of old snow while flowing downhill. On the counter-slope, the erosive power diminished rapidly in the Albristhorn avalanche, but remained substantial in the Scex Rouge avalanche. Beyond the Type 2 deposits, the erosive power of the suspension flow appears to have been small or zero in both events. The Type 2 and 3 deposits accounted for 20-25% of the total deposited mass of the Vilan avalanche; for about 10% and 5%, respectively, in the Albristhorn avalanche; and for 10-25% and 5-10%, respectively, in the case of the Scex Rouge event.
We found no traces of damage from the Type 1 flows because their paths were already devoid of structures, boulders or trees. The suspension flows at Albristhorn and Scex Rouge broke single trees in mature forest stands outside the Type 2 deposits. Just beyond the Type 1 deposit, the Albristhorn avalanche obliterated a dense, mature spruce stand ( Figure 2 ). The vacation homes near the distal end of the Type 2 deposit were not damaged, but the door of a ski lift shed, located more than 100 m from the edge of the Type 1 deposit, was pushed in and damaged. The Type 2 and suspension flow of the Scex Rouge avalanche damaged a low-voltage power line severely and some cabins lightly after climbing about 100 m in elevation.
Figure 2.
Aerial view of the run-out zone of the Albristhorn avalanche. The boundary of the Type 2 deposit (yellow line) is much less certain than that of the Type 1 deposit (red line), particularly in the southern parts (top of photo). The damaged ski lift shed is hidden behind trees in the top center part.
Inferences on Flow Regimes from Deposit Properties

Correspondence between Flow Regimes and Deposit Types
In our interpretation of the observed avalanche deposits, we make the crucial assumption that different textures correspond to different flow regimes. This is quite common in the interpretation of the geologic record, e.g., when analyzing sediment cores or seismic profiles across submarine landslide deposits. Care is required when doing so, however: For example, large differences in the granulometry of sediment cores from different points along a turbidite may be the result of progressively smaller particles settling out in the run-out area, without any flow-regime transition taking place.
The three avalanche events analyzed in this paper stand out because the boundaries between the three deposit types were unusually sharp. Different flow regimes appear to be the only plausible physical explanation for such rapid spatial changes. In the Vilan path, the sharp gully bends act as a filter for avalanche parts with different velocity-the (fluidized) front of the 1995 event was fast enough to climb over the outer bank while the dense part followed the gully. In the Albristhorn and Scex Rouge events, the snow temperature in conjunction with the steep counter-slopes may have acted as discriminant: The relatively thin layer of dry new snow being eroded by the avalanche head, the avalanche body entrained humid snow, was slowed down by higher friction, and thus stopped on the valley floor.
The emplacement, dimensions, and texture of the Type 1 deposits clearly show them to result from a dense and slow to moderately fast, granular flow. Using insight from the kinetic theory of granular flows, we associate the Type 1 deposits with what is usually termed a dense-flow avalanche and interpret them as manifesting a combination of the frictional and collisional flow regimes of granular flows. This implies that the shear stresses inside the flow are due to the friction between snow particles sliding past each other as well as short, but frequent collisions. The relative importance of the two stress contributions varies with the shear rate and the coefficient of restitution.
Association of the Type 3 deposits with suspension flow (the powder-snow cloud) is similarly unequivocal due to the absence of snow particles larger than snow grains and the very high mobility of the flow. Maintaining particles in suspension over extended periods requires fully developed turbulence and imposes upper bounds on the volumetric particle concentration and the particle size.
This flow type cannot be associated with a purely granular flow regime because the interstitial air plays a fundamental role.
The enhanced mobility of the flow parts leading to Type 2 deposits can be explained by the kinetic theory of granular materials if their density is substantially smaller than that of the dense-flow part. At the same time, it cannot be as low as in the suspension flow because a substantial fraction of the flow mass consists of large snow clods (and in some cases boulders) that are rafted along. Flows with such intermediate densities should be mainly in the grain inertia regime, in which momentum is transferred dominantly by particles with a mean free path of a few particle diameters. We henceforth refer to this flow regime as fluidized. Section 4 discusses what can be inferred about its dynamical properties from our observations.
Granulometry and Deposit Density
Particle size in the Type 1 deposits appears to depend mainly on the snow conditions at the time of the event. Our observations suggest that humid snow with sufficient residual strength in the released slab leads to the formation of large snow blocks with shear band failures, as exemplified by the Albristhorn and Scex Rouge avalanches (see the Supplementary Materials, Sections S3 and S4, respectively). If the snow cover is completely wet, it tends to crumble quickly during release and rounded snow clods form by aggregation during the descent [29, 30] . In dry-snow avalanches, it appears that the snow clods are (or contain) intact but compacted pieces of the original layered snow cover [31] .
The three avalanches described in the Supplementary Materials do not exhibit any pronounced correlation between avalanche size and mean particle size in the Type 2 deposits-the largest snow clods in the Vilan avalanche were of similar size as in the other two, much larger avalanches. In some later observations, we found horizontal grading in the distal direction of Type 2 deposits, in particular at Albristhorn where the surficial snow clods became smaller and less frequent with distance and also the size of embedded particles diminished. In three medium-size avalanches [30] [31] [32] , we found isolated rounded or oblong snow blocks up to 0.5 m in size near the edge of the Type 2 deposit. The 10 February 1999 avalanche at Vallée de la Sionne deposited even larger, very hard snow blocks on the counter-slope above the observation bunker. Our cumulated observations suggest that small avalanches with only a weakly developed Type 2 deposit tend to transport smaller snow clods.
The density of the Type 2 deposits was much higher than the density of the released or eroded snow-cover layers in all three cases and increased with avalanche size. Experience from the 1999 avalanches at the avalanche test site Vallée de la Sionne and a fair number of observations on small avalanches in Davos during the winters of 2003-2006 support this view. The snow properties (and in particular the temperature if the measurements are made long after the event) may influence the deposit density to some degree, but apparently not as much as for the Type 1 deposits at both Albristhorn and Scex Rouge; the Type 2 deposits were relatively dry compared to the Type 1 deposits. A possible explanation of this observation is that the fluidized layer did not entrain the humid, cohesive snow below the relatively thin new-snow layer on the surface.
The most plausible mechanisms affecting the density of Type 2 deposits, ρ d , are: (i) self-compaction of the deposit under its own weight; (ii) filling of voids by small snow grains; (iii) compaction of the particles during the flow; and (iv) compaction of the matrix by particle impacts during deposition. We think that Mechanism (i) does not explain the observed size-dependence of the deposit density: The overburden in the observed Type 2 avalanche deposits was less than 3 kPa in all cases and is hardly sufficient to produce densities in excess of 500 kg m −3 within two days, given that snow strength increases roughly exponentially with density [33] .
To discuss the relative importance of Mechanisms (ii)-(iv) for the size dependence of ρ d , we write ρ d in terms of the matrix density, ρ m , the density of snow clods, ρ p , and the volume fractions of snow clods, ν p , and of voids larger than snow grains, ν v :
High deposit density implies small ν v . We have never observed voids much larger than snow grains in Type 2 deposits, thus ν v ≈ 0 independent of avalanche size, whence Mechanism (ii) cannot explain the observed size dependence of ρ d . According to our experience, the deposited snow clods are significantly harder than the embedding matrix. We lack quantitative density measurements of snow clods, but they always felt denser than the embedding fine-grained matrix; we estimate ρ m < ρ p < 1.5 ρ m . Within the range 0.1 < ν p < 0.6, one finds ρ m < ρ d < 1.3 ρ m . Compaction of particles during avalanche flow must be due to collisions. The number of collisions per particle increases with the path length, the volume concentration in the flow and the shear rate, all three of which grow with avalanche size, hence we expect Mechanism (iii) to contribute to the avalanche-size dependence of ρ d . Our observations are not detailed enough to assess whether ν p also grows with avalanche size.
Taking the granulation experiments of Steinkogler et al. [34] as guidance, one may suspect ν p to have been smallest in the Vilan avalanche, which released under unusually cold conditions. The matrix density ρ m has a direct influence on ρ d and seems to increase markedly with avalanche size. This points to Mechanism (iv) as a major cause for the avalanche-size dependence of ρ d . The degree of compaction depends on the peak pressure p max and deposited energy of the impacts. We expect ρ p (∆u) 2 < p max < ρ p c∆u, where ∆u is the relative velocity of colliding snow clods during avalanche movement and the impact velocity at final deposition; c is the plastic shock velocity (water hammer effect). The high-frequency impact pressure measurements in the fluidized layer of the 1999 avalanches at Vallée de la Sionne revealed pressure peaks of up to about 1 MPa [9] . The dissipated energy per impact (on the ground) and unit area is of the order of ρ p (∆u) 2 d p /2 for a particle of diameter d p . During deposition, ∆u and p max will be smaller-the latter perhaps in the range 30-300 kPa-than the impact pressure on a fixed obstacle during flow, but this is still one to two orders of magnitude larger than the overburden and of the correct order for compacting the matrix to the observed densities. We expect ∆u not to depend on the avalanche size, but rather on some threshold for maintaining fluidization, while c will increase with ρ p . The total energy available for compaction grows with avalanche size, but so does the mass that has to be compacted. This would leave ρ p and the number of impacts per unit area as the two determining factors. As discussed above, ρ p probably grows with the avalanche path length whereas the number of impacts correlates with the deposit depth h d and ν p . h d did not differ as strongly between the Vilan and Albristhorn avalanches as ρ m did. In another avalanche [35] , we found both the depth and the density of the Type 2 deposit to decrease in the distal direction, in agreement with our hypotheses. However, a much deeper understanding of the mechanics of fluidized flow and impact compaction is needed before firm conclusions can be drawn.
Where Do the Snow Clods Originate?
The number and size of snow clods being a distinguishing property of the three deposit types, the question of their genesis is important as it might give further clues on the flow mechanism in the fluidized regime. A priori, the following possibilities (and combinations thereof) should be considered: (1) The snow clods come from an external source (e.g., snow on trees) and are largely irrelevant in the dynamics. (2) The snow clods form during the flow by accretion in totally inelastic collisions [34] .
(3) The snow clods are remnants of the released slab that were not broken up further during the avalanche descent. (4) The snow clods are pieces of the snow cover that were ripped out by the passing flow.
For all three avalanche events (and many more we have come across since), there were not sufficiently many trees (or outcrops) to provide the quantity of snow clods we observed on the debris. Hypothesis 1 can therefore be safely dismissed. We have not found direct evidence for Hypothesis 2 in that small snow clods did not show internal structure. Hypotheses 3 and 4 get support from cross-sections of a few large snow clods we studied later in two medium-size events, see Figure 3 as well as Appendix C in the Supplementary Materials and references therein. The core of the snow clods consisted of homogeneous snow with the grain characteristics of the new snow, with some hints of layering still visible. However, in both cases, the density was substantially higher than that of new snow, and smaller snow clods had sintered onto the original blocks, making them close to spherical. This observation does not discriminate between Hypotheses 3 and 4, however. The large snow block that was filmed, tracked by Doppler radar, and left visible impact marks on the deposits in an experiment in Ryggfonn, Norway in 2007 most likely was a part of the released cornice. This supports Hypothesis 3 without ruling out Hypothesis 4. In both cases, an open question is how the flow can compact pieces of a snow slab about half a meter in length to about twice their original density without breaking them. This would seem to require substantial and sufficiently isotropic pressure. Salezertobel avalanche, Davos, Switzerland. The texture of the snow is made visible by spraying a mixture of ink and alcohol onto the smoothened surface, warming it carefully with a camping cooker and waiting for the ink to diffuse into the snow by capillary suction. Note the layered core (oblique stripes (left) and the small snow clods sintered onto it (right).
One of the avalanches mentioned above ran out in humid snow, hence it is not so surprising that small snow clods could sinter onto larger clods when the avalanche speed had become low. The other avalanche, however, was a dry-snow avalanche throughout. We conjecture that favorable conditions for accretion of particles onto a snow clod are the following: (i) Presence of sufficiently many numerous and hard small snow clods. This increases the chance that a particle can hit the large snow clod without disintegrating and then gets pressed onto it by other particle impacts. (ii) Intermediate mean collision velocities. In this way, the particles are not destroyed upon impact, but deform plastically to some degree so that they are heated somewhat and sinter more rapidly onto the large snow clod. (iii) Entrainment of deep and relatively warm snow layers. In their experiments with a concrete tumbler, Steinkogler et al. [34] found that aggregation occurred only if the snow temperature was close to 0 • C. In avalanches, the temperature range favoring aggregation may be slightly lower due to more intense frictional heating [36] . Quantitative examination of these processes might lead to useful constraints on the density and shear rate or fluctuation velocity in the fluidized as well as the dense layer, where snow clod formation is equally important.
Two similar observations of large snow clods provide some insight into the transport mechanism in the last stage before the stop (Figure 4 ). In one case, the snow block, resembling an ellipsoid of about 0.8 × 0.4 × 0.4 m 3 , carved an approximately 0.2 m deep furrow for about 4 m before coming to rest and abruptly turning at the very end. Low levee-like features formed on both sides of the furrow. The flow must have come to a stop just before or immediately afterwards because the furrow was not filled in, but only covered with a veil of fine-grained snow. The furrow fades gradually in the upstream direction, suggesting the following alternatives: (1) The block originally moved at the same speed as its surroundings and only slid a few meters relative to it when the flow stopped abruptly.
(2) Alternatively, the block plowed through the flow at higher speed, but the surface was agitated enough to smoothen the furrow quickly, except in the very last phase when it underwent solidification. It might be possible to determine the correct answer in an avalanche of moderate size by "seeding" it with objects of diverse size and density before artificially releasing it. 
Dynamical Properties of the Fluidized Flow Regime
In this section, we combine observations (and sometimes also non-observations) of deposit depths, run-up heights, superelevation in bends, and damage on forest and buildings to constrain the flow depths, velocities, pressures, and densities of the three avalanche events.
Flow Depth and Density of Fluidized Flow
Indirect indications of the dense-flow depth can be gained from the depth of the Type 1 deposits if one supposes that the deposit is not much denser than the flow-an assumption supported by experiments on dense granular flows. With this assumption, we estimate dense-flow depths of 0.5-1.5 m for the Vilan avalanche, approximately 2 m for the Albristhorn avalanche on the alluvial fan (probably significantly more in the narrow gully above), and 3-5 m for the Scex Rouge avalanche (the maximum deposit depth of more than 10 m is most likely due to compression ridges, see the Supplementary Materials, Figure S19 ).
The only direct observation of flow depth consists of photos of the Scex Rouge avalanche (Supplementary Materials, Figure S20 ), showing that the suspension layer was at least 200 m high when it began its ascent on the counter-slope. One may argue that the fluidized flow was relatively shallow after climbing the torrent bank at Albristhorn and the counter-slope to Grand Moilles at Scex Rouge:
•
We surmise that fluidized flow requires a minimum velocity, or else it reverts to dense flow or stops. This threshold velocity will depend on the slope angle, particle size and presumably the properties of the snow pack as well; we conjecture it to be in the range u thr = 15-20 m s −1 .
• For densities in the range ρ f = 20-100 kg m −3 , the (time-averaged) impact pressure on a wide obstacle is p imp > ρ f u 2 thr = 5-40 kPa. • If the pressure had exceeded 10-20 kPa near the snow surface or 5-10 kPa more than 2 m above ground, the ski lift shed at Albristhorn or the cabins at Grand Moilles (Scex Rouge) would likely have been structurally damaged to some degree. At those locations, we can infer h f 2 m, At Albristhorn, we use the following values characterizing the deposit along its centerline:
The corresponding values for the Scex Rouge avalanche are
We assume l f in the range 200-400 m at Albristhorn and 400-800 m at Scex Rouge, using the profiling radar measurements at Vallée de la Sionne [9] and pressure measurements at Ryggfonn [15, 37] as reference points. Mass conservation demands When these constraints are combined, it appears likely that the fluidized flows were rather long (300-400 m at Albristhorn and more than 500 m at Scex Rouge), had a density near 50 kg m −3 , flowed at 15-20 m s −1 , and had a flow depth around 2 m in their run-out zones. These numbers appear consistent with the pressure measurements in a fast fluidized flow recorded at Vallée de la Sionne in February 1999 near the transition from track to run-out zone, which revealed a significant number of isolated particle impacts at least to 3-5 m above the snow surface [9] .
Velocities of the Dense and Fluidized Flows
In channelized, tortuous gullies, superelevation may be used to roughly estimate flow speed [38] . Snow surface texture in gully bends indicates that the Type 1 deposits show little superelevation while there is pronounced superelevation on the scoured, usually depositless sidewalls of the gully. Moreover, it is implausible that the masses forming the Type 1 deposit in a gully slid down from the sidewalls-we found scour marks always to be more or less parallel to the gully centerline. Moreover, in the run-out zone, Type 2 deposits form along the prolongation of the scoured sidewalls while the Type 1 deposits typically are concentrated near the axis of the run-out zone. In [28, 39] , such observations were used to estimate the speed of the respective avalanche components in three cases, yielding ratios near 2.
In the Vilan avalanche, the pronounced bend of the Däras gully at 1630 m a.s.l. led to the dense and the fluidized flows taking different paths. We have not recorded superelevation of the Type 1 deposit in that case, but there were no signs that the dense flow ran up significantly on the outer bank. The fluidized flow broke out and still was fast enough after the climb to erode the entire new-snow layer. A rough estimate gives likely ranges of 10-15 m s −1 for the dense flow and 25-35 m s −1 for the fluidized flow.
In this estimate, we used the simple energy balance
where u 0 and u 1 are the avalanche velocities before and after the ascent on the counter-slope, H is the run-up height, L is the corresponding horizontal distance, and µ eff is the average effective friction coefficient of the flow. As a first approximation, we set µ eff ≈ tan α, with α the run-out angle measured from the fracture crown to the end of the deposit of the respective flow component. This simple formula cannot be used to estimate the speed of the suspension flow because it neglects the buoyancy effects that are important for the suspension layer. It gives, however, a velocity for the fluidized flow Despite the large uncertainties, these estimates are consistent with other observations [40, 41] and experimental findings from later experiments: Velocity measurements with range-gating Doppler radar [42, 43] clearly show the head of dry-snow avalanches to be faster than the body, the speed diminishing approximately linearly with distance from the front. This leads to a marked increase in the length of the flow with distance. Profiling radar systems overflowed by the avalanche and oriented perpendicular to the ground [44] installed at the Vallée de la Sionne test site clearly confirm that there often is a marked density difference between the head and the body [40, 45, 46] . One may combine the lag time of the dense part relative to the front with front-velocity estimates from Doppler radar or time-lapse photographs to find that the fluidized front of large avalanches attains a length of 300-500 m at the end of the track. At the somewhat smaller test site Ryggfonn in Norway, typical head lengths (inferred from abrupt changes in the impact pressure on obstacles in the flow path) are in the range 50-100 m [15] .
The ratio of the front velocities of the fluidized front and the dense core depends strongly on the position along the path. The available information points to typical values in the range 1.5-2 in the track and increasingly larger ratios as the dense part approaches its stopping point.
Relative Mobility of the Three Flow Regimes
For practical purposes such as hazard mapping, the difference between the run-out angles of the dense and fluidized flows, α d − α f , and their relation to the so-called β angle is of interest. β is the angle between the horizontal and the line from the top of the fracture crown to the point along the path where the slope angle falls below 10°, see Figure 5 . The topographical-statistical α-β model [47] postulates a linear regression between α and β. On the basis of about 200 recorded events-mostly medium to large avalanches from western Norway that are assumed to represent the extreme run-out in the respective path-the following relation and standard deviation is obtained for Norway:
P Similar values were found using data from the Austrian Alps, the Pyrenees, Canada, and Iceland. Table 1 shows the values for the Albristhorn and Scex Rouge avalanches. Despite becoming quite humid at low altitudes, the dense parts were at least as mobile as predicted by the model. This is all the more remarkable as, presumably, most of the run-out angles in the Norwegian database pertain to the fluidized flow, without this being explicitly recognized. α f of the fluidized part was, respectively, 2.5°and 4.6°less than α d . This difference, while probably less in smaller and only partially fluidized avalanches, is a rather significant difference and amounts to one and two standard deviations, respectively, in the correlation in Equation (3). rom the field survey data at NGI's test site Ryggfonn-in particular, the deposit depth profiles along the approximate centerline of the avalanche-the extent of the Type 1 and 2 deposits could be deduced with reasonable confidence in a number of cases [48] . We used these data to see how much the relative mobility of the dense and fluidized parts varies between events in the same avalanche path. Table 1 shows α d − α f to range from 0°to 4°. However, the 16 m high dam (with variable freeboard due to deposits from earlier avalanches) influences the run-out of both flow regimes considerably. In particular, it stopped the dense flow of about half of the events. It nevertheless emerges that there is strong variability, and we conjecture that α d − α f may increase significantly with the run-out distance and the return period of the event.
A corresponding comparison for the run-out angle of the suspension part would be interesting, but is hampered by the fact that we could not fully survey the run-out areas of the suspension flow in any of the three cases. Moreover, the very notion of run-out distance is fuzzy for powder-snow avalanches. A recent statistical analysis of observations of powder-snow avalanches with long return periods from Austria, Switzerland, and Norway is presented in [49] .
Density Estimates for the Suspension Layer
As mentioned above, the simple Equation (2) relating speed and run-up height does not apply to the suspension flow because the air in the mixture is neutrally buoyant and its kinetic energy also contributes to transporting the snow grains up the counterslope. Thus, the lower is the density of the cloud for a given velocity, the higher the cloud can climb. An approximate energy balance for the suspension flow, derived in Appendix A, leads to the inequality [50] and particle suspensions [51] grow linearly with distance. A large cloud volume before the ascent would then explain why the volume ratio C is relatively small in this case. By trial and error, u 0 ≈ 50 m s −1 , u 1 ≈ 30 m s −1 , C ≈ 2 emerge as a parameter set giving consistent values ρ 0 ≈ 4.5 kg m −3 and ρ 1 ≈ 2.5 kg m −3 for the average suspension density at the valley bottom and at Grand Moilles, respectively. From the depth-averaged velocity and density, one obtains p 1 ≈ 1 kPa, but the stagnation pressure near the ground would be in the range 5-10 kPa, which is compatible with the observed damage.
Impact Pressures and Densities
Some information from the observed damage patterns is used in Sections 4.1 and 4.4 to constrain the density and flow depth of the fluidized flow. Here, we exploit the damage observations more systematically to obtain bounds on densities and velocities of the fluidized and suspension flows for all three avalanches. Nothing can be inferred about the impact pressures of the dense flows, however, because they did not encounter obstacles visible to us that could be damaged or destroyed.
Full-scale measurements on wet-snow avalanches [11, 15, 52, 53] show clearly that the effective drag coefficient rises sharply with decreasing Froude number, in good agreement with laboratory experiments and simulations of dense granular flows [54] . If the definition of the Reynolds number is suitably adjusted to the conditions in dense granular flows, the Reynolds number dependence of the drag coefficient is at least qualitatively similar to that observed in molecular fluids. In the case of rapid dry-snow avalanches, field observations at a deflection dam in Iceland [55] and laboratory experiments with granular materials (e.g., [56] [57] [58] ) have provided evidence for the occurrence of shocks that are the granular analogues of both hydraulic jumps (discontinuities in the flow depth and velocity) and gas-dynamic shocks (discontinuities in the density, temperature, and velocity). Along the deflection dam, flow marks from an oblique shock of the hydraulic-jump type were found, whereas two-dimensional simulations of granular flow around a cylinder show a bow shock along which the density and velocity change abruptly. (In three dimensional free-surface flows, one would expect both compression/rarefaction effects and splashing, i.e., a combined gas-dynamic and hydraulic shock.) In the present observations, however, no evidence of such shock effects was found.
The fundamental question to be considered when interpreting our damage observations is how the pressure exerted by a dilute granular flow impacting on some object relates to the flow properties (particle size and density, concentration, and velocity). The numerical study by Wassgren et al. [59] of dilute two-dimensional granular flow around a cylinder is directly relevant in this context. These authors find the drag force on the cylinder per unit flow depth, F drag , to grow with the bulk density, ρ, the square of the free-stream velocity, u ∞ , and the effective cross-section, which is the sum of particle diameter, d, and cylinder diameter, D. This is captured by a slight extension of the well-known drag formula:
In the suspension layer, d D, the modification in Equation (5) is negligible. In the fluidized flow, a fraction of the particles has diameters approaching that of a tree trunk so that the force will be higher than expected on the basis of the conventional formula for molecular fluids.
The numerical experiments showed the drag coefficient, C d , to depend both on the Mach number (Ma, the ratio of fluid speed to speed of sound in the fluid) and the granular Knudsen number (Kn, the ratio of the mean free path of the particles to a characteristic length scale) rather than only on the Reynolds number as in molecular fluid dynamics. The situation in nature is even more complicated because the flow depth introduces another length scale (connected to shear effects in the flow), the particle-size distribution spans some three orders of magnitude, and the interstitial air plays an important role in suspension flow. Nevertheless, the results of Wassgren et al. [59] can give some guidance; their main findings can be summarized as follows:
• C d decreases significantly with increasing Mach number for Ma < 1, but is almost constant for supersonic speeds. •
The drag coefficient increases by about a factor of 2 from Kn 1 to Kn = 2 and is about constant for Kn > 5. • C d depends only mildly on the restitution and friction coefficients of inter-particle collisions. • Except at very low Kn, C d for a cylinder in dilute granular flows is in the range 1.5-2.5 and thus roughly a factor 2 larger than in turbulent subsonic flows.
The definitions of Ma and Kn used in [59] do not readily apply to snow avalanches, and developing a suitable extension of those definitions is beyond the scope of this paper; the following estimates are therefore only provisional. The simplest case is the Knudsen number in suspension flow, where the volumetric particle concentration typically is 10 −4 < ν s < 10 −2 and the particle diameter is
. The definition given in [59] ,
indicates 0.01 < Kn s < 1 for the suspension flow. If snow grains dominate in the fluidized layer, we can set d f ∼ 10 −3 m and 0.01 < ν f < 0.1, which gives Kn f < 0.1. However, for snow clods with d f ∼ 0.1 m and a typical tree trunk diameter D = 0.3 m, we find Kn f > 1.
In [59] , the (granular) speed of sound is defined in terms of the upstream granular temperature T ∞ and volume concentration ν ∞ :
with the two-particle distribution function at contact given by f (ν) = 1−7ν/16 (1−ν) 2 . For ν < 0.1, the expression in brackets is approximately 1.2/ν 2 and we get c ∞ ∼ 1.1 √ T ∞ /ν ∞ . Thus, the granular speed of sound in the suspension layer (fluidized layer) is roughly 2-4 (1-2) orders of magnitude larger than the fluctuation velocity of the particles. In suspension flow, the turbulent velocity determines the solid fluctuation velocity and should be in the range 5-20 m s −1 , giving a granular Mach number far below 1. If the suspension is treated as a dense compressible fluid, the Mach number is found to be in the range 0.1-0.5, depending on the density and speed of the flow. We expect the fluctuation velocity in fluidized flows to be in a similar range as in suspension flows so that the flow is probably subsonic, possibly transonic.
Based on these estimates, estimated drag coefficients for small and large particles in fluidized flow and for suspension flow can be inferred from the numerical results in [59] , with typical values listed in Table 2 . Compared to typical values in turbulent air flow (e.g., in a storm), C d appears to be somewhat larger in a granular flow. This effect is rather pronounced for large snow clods in fluidized flow; for strongly polydisperse fluidized flow, one might expect C d 2. However, no firm conclusions are possible at this stage because the flow configuration-confined vs. free-surface flow-may play a decisive role: Experiments with a confined dense granular flow around a cylinder [54] show C d ≈ 1.
In contrast, C d ≈ 0.5 in free-surface dense flows at Froude number Fr = 13 [58] . Thus, Table 2 primarily highlights the need for further research and should not be used in practical applications. The non-dense parts of the Vilan avalanche broke several young spruce trees (without uprooting them) near the surface of the new-snow cover; trunk diameters were up to 20 cm. Such trees are typically 7-10 m high in this climate zone. We cannot say with certainty whether the fluidized flow or the suspension flow or both combined broke the trees, but two circumstances indicate that the former at least played a role in this: (i) Some of the broken trees were fairly small so that they were not strongly exposed to the suspension flow. (ii) Powder-snow avalanches often break spruce trees several meters above the ground (as observed at Albristhorn and Scex Rouge). Gales in strong storms, having stagnation pressures of 1-2 kPa, can destroy mature spruce stands, whereas younger trees are much less affected because their smaller height exposes them to less pressure, due to the wind speed growing monotonically with height. In contrast, powder-snow avalanches exhibit a pressure peak a few meters above ground and thus exert a lesser torque on a tree than a storm with the same peak pressure. One may therefore assume that the minimum pressure required for breaking or uprooting a spruce tree will be in the range 3-10 kPa. If the suspension flow was that powerful, it would likely have caused more damage to the mature trees at the lateral trim lines and further down along the path. Moreover, if our rough estimate of the front speed of the fluidized part also applies to the suspension flow, the internal velocity near the ground may have been in the range 40-50 m s −1 . A stagnation pressure of 10 kPa would then require a suspension-layer density of the order of 10 kg m −3 . This seems to be a rather high value for this avalanche of limited size. For the fluidized flow to break small spruce trees, the pressure should have been somewhat higher still, say 10-30 kPa. The corresponding density estimate of 10-30 kg m −3 appears more in line with the other observations.
The damage observed at Albristhorn allows more detailed estimates. The fact that most, but not all, trees on the river bank were felled, gives both a lower bound of approximately 2 kPa and an upper bound around 5 kPa on the local maximum stagnation pressure in the suspension layer, averaged over the time scales of turbulence, i.e., over times smaller than about 1 s. The suspension-layer pressure diminished steadily with distance from the river bank, the perimeter of the potential damage area ([I], Figure S9 ) corresponding approximately to the 1 kPa isobar of the turbulence-averaged pressure distribution. A pressure of 2-5 kPa at the river bank is also compatible with the limited damage on the ski lift shed. It would then appear more likely that the door was pushed in (together with its frame) by the fluidized flow rather than by the suspension flow.
Some limits on the pressure in the fluidized flow follow from the circumstance that the ski lift shed did not suffer structural damage, nor was it pushed from its foundation. It was constructed as a traditional wood-frame building and presumably had fairly high strength thanks to its small size. In addition, it was oriented at roughly 45°to the direction of the avalanche flow and therefore subjected to a normal load about half of the stagnation pressure. Under these conditions, we estimate the near-ground pressure to have been at most 10-20 kPa (averaged over a time interval of 0.1-1 s and over the height of the shed), but hardly less than 5 kPa since the door was destroyed.
We can use the values inferred above to estimate the contributions of both flow layers to the horizontal force and overturning moment exerted on a spruce tree if we make some additional assumptions: Consider a tree of height h = 25 m (from the snow surface) with a trunk diameter D 0 = 0.4 m at breast height above ground. The canopy reaches from the tip to about 2 m above ground, and we assume it not to be affected by the intermediate-density layer with flow depth h f . We approximate the tree as a triangle with a base width w = 5 m. The effective drag coefficient of the trunk in the fluidized flow is C d, f ≈ 2 because the snow particles (which we assume to carry a large fraction of the momentum) are stopped at impact. The canopy in contrast, has a drag coefficient C d,s ≈ 1 due both to its partial permeability to the flow and to the essentially air-like behavior of the flow with small particles. Finally, we assume that the suspension-flow pressure diminishes linearly from ground to a height of rh, r > 1. With these assumptions, we obtain
for the horizontal forces on the tree and Despite all simplifications and the uncertainty of the pressure values, it is clear that the suspension flow is chiefly responsible for the damage to the forest. However, the situation would be different for smaller trees or closer to the apex of the alluvial fan, where the pressure in the fluidized flow was substantially larger than 20 kPa.
In the case of the Scex Rouge avalanche, absence of damage to the cabins suggests that the stagnation pressure at Grande Moilles was less than 10 kPa and likely below 5 kPa. The fact that the telephone and power line poles were pulled out of the ground rather than broken indicates that the flow had a substantial vertical velocity component; this is indeed the case in the frontal vortex of the suspension flow, where the upward velocity component is of the same order as the horizontal one. We crudely estimate the stagnation pressure needed to pull wooden telephone line poles as follows: The weight of a pole is in the range 1-2 kN. As the pole is pulled out, there may be friction in the range 0-5 kN, thus the aerodynamic forces on the wires and pole should exceed 1-7 kN per pole. If there are n wires with diameter d and the poles are spaced a distance l apart, we estimate the pull-out force on one line segment as
with C d ≈ 1 the drag coefficient of a long cylinder at high Reynolds number. It thus appears plausible that the frontal vortex of the suspension flow was able to pull the poles of the telephone line out of the ground. Where trees were broken selectively, the average pressure should be in the range 2-5 kPa, a little larger than in a very strong storm that produces resembling damage. While none of these estimates by itself is conclusive, combined they indicate that the pressure was 5-10 kPa at Grande Moilles and diminished to 2-5 kPa further to the north and along the sides of the suspension flow. If the fluidized flow was at most 1-2 m deep, values as high as 10-20 kPa for averaged impact pressure would be compatible with the absence of substantial damage to the cabins. After an ascent of about 100 m, we expect the velocity of the fluidized flow to have been no more than 15-25 m s −1 , which would allow plausible densities up to 30-50 kg m −3 . We estimated the fluidized-flow impact pressures of the 10 February 1999 and 25 February 1999 avalanches at the observation bunker of Vallée de la Sionne as about 20 and 50-70 kPa, respectively, based on the damage to doors and shutters and the perceived sudden pressure rise inside the bunker [27] . Combining these values with the estimates of the front velocity, density ranges of 20-30 kg m −3 and 30-50 kg m −3 , respectively, result. These values are compatible with our inferences from the three observed avalanches.
Possible Fluidization Mechanisms
Next, we examine whether constraints on the transportation mode and travel distance of snow clods can be extracted from the observations. In this context, comparison with other types of gravity mass flows with air as the interstitial fluid, i.e., rock avalanches and pyroclastic flows, is helpful. We adopt the conclusion from the preceding subsection that the head of dry-snow avalanches is in the fluidized flow regime, which is 1-2 orders of magnitude denser than air. Hence, the snow particles are not in constant contact with each other and the effective stress vanishes. We also surmise that particles between 5 and 30 cm in diameter represent a substantial fraction of the mass in this regime and that they are present even 3-5 m above the bed-flow interface in large avalanches [9] .
Aerodynamic Forces in the Head of the Suspension Layer
One conceivable mechanism to achieve and maintain fluidization is by aerodynamic forces exerted by the ambient air or the highly turbulent suspension flow. In such a scenario, we have to assume that a suspension flow containing sub-millimeter particles has already formed and that particle collisions in the dense core copiously eject centimeter to decimeter-scale particles. We then ask whether this low-density turbulent flow is capable of maintaining a significant mass of large particles in a fluidized state over an extended period. Note, however, that there is strong evidence for fluidized flow in small avalanches without a substantial suspension layer [28, 60] ; this implies that aerodynamic forces cannot be the sole mechanism capable of fluidizing a snow avalanche.
With densities in the range ρ p = 300-600 kg m −3 and drag coefficients C d ≈ 0.5-1, the snow particles in the intermediate-density flow have masses from 0.02-0.04 kg (5 cm) to 4-8 kg (30 cm) and free-fall velocities in the range w f ≈ 15-70 m s −1 . In steep paths, the slope-normal component of w f is 20-40% smaller than these values. In addition, hindered settling effects are expected to be non-negligible for the volume concentrations in a fluidized flow. Even then, the settling velocities are substantially larger than the mean turbulent velocity fluctuations in the suspension layer, which we may expect to be less than 10 m s −1 even in large powder-snow avalanches. However, in the frontal vortex of the suspension layer, the uplift velocity is similar to the front velocity and should be sufficient to keep large particles in the air for a short while and to transport small particles to the back of the vortex. The transport competence of powder-snow avalanches is demonstrated by the accidents mentioned by Shimizu et al. [2] as well as credible reports of persons who were transported above ground over distances of tens of meters in the suspension layer [61] .
However, when it comes to keeping a substantial mass of snow clods in the air, energetic considerations are important as well. To set the scale, we first estimate the input power per unit footprint area supplied by gravity to the suspension layer: 
Here, we used estimates of the entrainment speed from laboratory experiments on density currents and videos of powder-snow avalanches, w air entr ≈ (0.02-0.2)U. In steep terrain, the ratio w air entr /U tends to be near the upper limit so that |P grav + P air entr | P grav . The suspension flow expends turbulent kinetic energy to keep the small snow particles in suspension. The associated turbulent power loss is
with ρ i = 917 kg m −3 the density of ice, 10 −3 <ν s < 10 −2 the depth-averaged volume concentration of particles in suspension, andw s = O(1 m s −1 ) their average settling velocity. If turbulence were to keep the fluidized layer afloat in the same way, turbulent kinetic energy would be consumed at a rate P fluid = −ρ pνf h f gw f ≈ −(6-150) kW m −2 , assuming ρ pνf = 30-100 kg m −3 , h f = 2-5 m, and w f ≈ 10-30 m s −1 . However, the mean free path between collisions in the fluidized flow is only of the order of one to a few particle diameters so that the free fall velocity will never be attained. It is difficult to give a plausible estimate for P fluid , but it is likely about two orders of magnitude smaller than the value indicated above and thus of the same order of magnitude as P settling ,
This loss of turbulence energy together with viscous dissipation must be offset by turbulence production through shear-not necessarily locally, but on average over the frontal vortex. We estimate the turbulence production rate very crudely as
whereγ ≈ 2U/h s approximates the shear rate and C f = O(10 −2 ) is the friction drag coefficient. This estimate must be considered very uncertain, but it is encouraging that |P turb | is (possibly much) smaller than |P grav | and |P air entr | so that generation of that much turbulent energy is plausible. At the same time, |P turb | |P settling |, indicating that the suspension layer can be maintained until the late stage of the PSA. It remains open whether suspension-layer turbulence is energetically sufficient for keeping the intermediate-density flow fluidized. However, as mentioned above, observations of small to medium avalanches with a clear Type 2 deposit, but without a developed suspension layer (see the reports at [60] for more details) lead us to conclude that the turbulence of the suspension layer cannot be the sole mechanism behind maintaining fluidization. At the front of the dense core, the stagnation pressure is 1 2 ρ a u 2 f , with u f the front velocity. On the top surface slightly behind the front, there is underpressure of similar magnitude. The pressure gradient across the front, of the order of ρ f u 2 f /h f or about 0.5-1 kPa m −1 , causes air to flow through the voids between snow particles. On videos from flume experiments on sand-rich flows in water [62] , one can directly see how water flow through the front fluidizes and partly suspends the head of the flow. In air, the concomitant drag is not strong enough to achieve fluidization of an extended volume by itself, but it can assist other fluidization mechanisms. However, this effect is limited to the very front of the avalanche.
Dispersive Pressure Due to Collisions between Snow Clods
If a granular material is rapidly sheared while the volume is held constant, the shear and normal stresses grow as the square of the shear rate. In contrast, unconstrained flows, e.g., free-surface flows on an inclined plane, expand and the stresses grow more slowly with the shear rate. Fluidization results if the collisional stress normal to the glide plane equals the overburden and the effective stress borne by persistent particle contacts vanishes. Laboratory experiments with dry granular materials over a rough, non-erodible inclined bed have revealed that stationary dense flows are possible only within a finite range of inclination angles, which depends on the flow depth [63] . At more gentle inclinations, the flow comes to a halt, while, on steeper slopes, it accelerates. The empirical µ(I) rheology (see, e.g., [64] for a review) successfully captures many features of the dense flow regime:
The inertial number I is a non-dimensionalized shear rate, depending on the particle diameter d, the intrinsic particle densityρ p , the pressure P, and the strain rate tensor D ij = 1 2 (∂ j u i + ∂ i u j ) through its second invariantγ = (2D ij D ji ) 1/2 (note that summation over repeated indices is implied throughout this paper):
Typical values for monodisperse granular materials used in experiments are µ 0 ≈ 0.4, µ ∞ ≈ 0.6-0.7, I 0 ≈ 0.3, ν max ≈ 0.6, and ν min ≈ 0.4. For dry snow, the values of µ 0 and µ ∞ may be expected to be somewhat higher due to the irregular shape of snow grains and snow clods. The effective friction coefficient is seen to approach the value µ ∞ as I → ∞, but Equation (18) limits the inertial number to I ≤ 1. Experimental support for this saturation comes from the study of the front of steady granular flows where I → ∞ [65] . If tan θ > µ ∞ or tan θ < µ 0 , the model precludes stationary solutions in accordance with experiment. However, the µ(I) model has only been tested for inertial numbers I < 0.65 and cannot be used to predict the properties of the flow regime that lies beyond stationary dense flow. The fluidized flow regime that we believe to occur in snow avalanches is characterized by volume concentrations ν ν min .
There are two relevant inferences to be made from the granular-flow experiments: (i) Substantial sections of numerous avalanche paths are steeper than the maximum slope angle permitting stationary flow of granular materials. In these cases, the experiments on granular flows indicate that a flow-regime transition is unavoidable. Moreover, most experiments were carried out in a regime where aerodynamic forces play a minor role. One may conclude from this that dispersive pressure due to particle collisions alone is sufficient for inducing fluidization on very steep slopes. (ii) Fluidized flow of snow avalanches is, however, also observed on slopes well below the lower limit θ stop . This implies that additional mechanisms play an important role in fluidizing snow avalanches. Novel experiments on granular flows on long, steep slopes would help in elucidating the role of granular collisions in the fluidization process.
In [20] , the well-known Norem-Irgens-Schieldrop (NIS) rheology [66] was extended in an attempt to model transitions between the dense and fluidized flow regimes. The NIS rheology combines Coulomb friction (describing the quasi-static regime) and dispersive stresses due to granular collisions, proportional to the square of the shear rate. In the original formulation, the density and the model coefficients are assumed to be constant. The extended model allows the particle concentration and thus the density to vary and models the concentration dependence of the coefficients for normal and shear dispersive stresses, K n and K s , after the results of the kinetic theory of granular media [67] and of discrete-element simulations [68] , both in two dimensions. For simple shear in the x-z plane, the relevant tensor components are (note that compressive normal stresses are considered positive here):
In the dense regime, Issler and Gauer [20] assumed a fixed density ρ * = ν * ρp , disregarding the density variation in Equation (18) . At the bottom of an avalanche flow of depth h, σ zz ≈ ρ * gh cos θ. At the critical shear rateγ c = ρ * gh cos θ/(K n (ν * )ρ p d 2 ) 1/2 , the effective pressure p e vanishes, the flow becomes fully fluidized, and the original NIS model ceases to apply. With p e = 0, one obtains the equilibrium value of ν from the condition K s (ν)/K n (ν) = σ xz /σ zz = tan θ. Fluidization was found to have a strong effect on the velocity and run-out distance, but the simulated degree of fluidization in selected study cases was significantly less than observed. Functional forms for K n,s (ν) derived from a three-dimensional kinetic model for dense flows of inelastic spheres [69] facilitate fluidization to some degree [70] , but likely the degree of fluidization will still be lower than observed in dry-snow avalanches. While this suggests that another mechanism favoring fluidization should be at work in mixed snow avalanches, one may argue that the extremely high mobility of some large rock avalanches (sturzstroms) implies complete fluidization at least of the base of such flows-presumably due to dispersive pressure from particle collisions-and that fluidization of mixed snow avalanches should then also be achievable in this way. There are, however, a few differences between these phenomena that appear to be relevant in this context: First, increased mobility of sturzstroms is observed only for release volumes above 10 6 m 3 (e.g., [71] , Figure 1 ), whereas fluidized snow avalanches with volumes as small as 1000 m 3 have been observed [28] . Second, the coefficient of restitution is much higher for rock fragments than for snow clods. Third, the path of a rock avalanche tends to be much rougher than the smoothed top of the snow cover over which an avalanche flows. The ensuing collisions between rock fragments and terrain irregularities in the path are an efficient way to convert translational energy to fluctuation energy, which in turn facilitates fluidization of sturzstroms. Such an explanation, termed acoustic fluidization, has been proposed for large rock avalanches [71, 72] , but it is contingent on persistent inter-particle contacts, i.e., high density, and does not explain the intermediate-density regime of snow avalanches. There are two other plausible mechanisms specific to very large rock avalanches that facilitate fluidization, namely release of stored elastic energy during fracturing [73] and frictional vaporization of water in the overflowed soil or in cracks of the rocks [74] . In addition, note that the extraordinary mobility of pyroclastic flows (nuées ardentes) is attributed to degassing of tephra [75, 76] -possibly aided by vaporization of the water in the soil-creating large pressure at the base of the flow.
In summary, the dispersive stresses from particle collisions are instrumental in fluidizing the avalanche head and maintaining it in this regime, but most likely they are not sufficient by themselves, except on very steep slopes. However, a more detailed analysis of this problem is called for.
Fluidization by Compression of the Snow Pack?
We briefly sketch a possible fluidization mechanism-specific to dry-snow avalanches-that was proposed recently [77] . A dry-snow avalanche typically exerts a normal stress in the range 0.5-5 kPa on the snow cover over which it flows. This load is applied suddenly and in conjunction with shear stresses of similar magnitude. Cold, dry new snow has a volumetric concentration below 0.2 and thus is highly contractive. As the top layers of the snow cover collapse, the pore air pressure rises to some fraction 0 < a ≤ 1 of the overburden (the rest is borne by grain contacts in the collapsing snow layer). Most of the compressed air will flow upwards through the avalanche, see Figure 6 . In doing so, it exerts a normal stress on the avalanche that is a fraction b 1 of the excess pore pressure inside the snow cover. Thus, the upward air flow through the avalanche supports a fraction 0 < ab < 1 of the overburden inside the flow, which amounts to partial fluidization. Figure 6 . Schematic representation of the proposed fluidization mechanism by air escaping from the snow cover under compression. The degree of shading indicates the relative densities. The ambient air flow around and partly through the avalanche head is also schematically indicated.
The fraction a varies along the avalanche path, decreasing with increasing density and depending also on the shape of the snow grains. b is less than 1 because the escaping air is accelerated to some degree. This acceleration in turn depends on the hydraulic conductivity of the avalanche body and thus on the density and particle size. There is a negative feed-back mechanism: As the avalanche density decreases, b diminishes and limits the density decrease.
The length of the fluidized part of the avalanche depends on how quickly the excess pore pressure dissipates. This process is governed on the one hand by the amount of compressed air, i.e., the depth of the new-snow layer, its density and compressive strength as well as the load from the avalanche. On the other hand, it depends on how easily the air can flow through the avalanche, thus on the pressure gradient and the hydraulic permeability. The latter in turn depends on the avalanche density and mean particle diameter. A preliminary estimate [77] yields dissipation times in the range 1-10 s for relatively soft snow packs. If this is confirmed, one may expect the fluidized head of avalanches to range from 10 to 500 m in length, in good agreement with what is observed. Similar to the dispersive pressure from particle collisions, the excess pore pressure by itself fails to achieve full fluidization, but the two mechanisms combined will likely succeed in many avalanches. However, the dynamical aspects and the dependence of a and b on the snow-cover and avalanche properties need to be understood quantitatively before firm conclusions can be drawn.
Inferences on Entrainment and Mass Balance
Entrainment by the Dense Flow
Despite large uncertainties, the mass balances of all three avalanches (Tables S1-S3 in the Supplementary Materials) show clearly that the dense flow eroded substantially-in some cases, all of the new snow along the trajectory that was left after passage of the fluidized flow.
Judging from photos taken from helicopter (Albristhorn, Figures S11 and S13) or from the counter-slope (Scex Rouge, Figure S18 ), we think that the dense flows of these two avalanches deposited little snow in the track, except perhaps along short, more gently inclined path segments. In contrast, the Vilan avalanche left a fairly uniform Type 1 deposit of considerable depth along the entire Däras gully, for a distance of close to 1 km. We did not closely investigate the distal end of the deposit, but it was not much deeper than 800 m upstream (Supplementary Materials, Figure S6 ). This implies that the deposition per unit area (i.e., the deposition rate integrated over the passage time) was nearly equal to the entrainment per unit area all along the channelized part of the path. The latter has an average inclination of about 20°. The detailed mass balance study of Sovilla et al. [78] at the Monte Pizzac site in northern Italy put the sequential occurrence of entrainment from the avalanche head and deposition from the tail at the same location in evidence. For those four events, the critical slope angle marking the upper limit for deposition was about 30 • . In the Vilan avalanche, this upper limit seems to have been between 20°and 30°, while the minimum slope angle for erosion was at most 20°.
We have not succeeded in determining the erosion mechanism(s) in the dense flows of the three avalanches described in the Supplementay Materials. In later field observations near Davos, Switzerland during the winters of 2004-2006, we found clear evidence for plowing erosion in some wet-snow avalanches [79] and continuous basal erosion in other wet-snow avalanches [29] (see [80] for a discussion of erosion mechanisms in snow avalanches). In dry-snow avalanches, we have not seen evidence for plowing, but we cannot exclude this mechanism either. All our observations are compatible with basal erosion (or perhaps ripping), but only in a single case did we find strong evidence for this mechanism: Topsoil was eroded in one small area in the track of a medium-size avalanche and could be traced in the deposits [28, 81] . We found soil particles from several tens of meters downstream of the source area to a few tens of meters behind the distal end of the Type 1 deposit. Soil concentration was highest in an oblong area of the deposit, surrounded by a "halo" in which concentration diminished with distance. Incidentally, this also confirms that substantial mixing occurs in dense dry-snow avalanches.
Entrainment by the Fluidized Flow
At Albristhorn and Scex Rouge, our observations on the fluidized flow are limited to the run-out zone beyond the point where the dense flow stopped. At Vilan, however, we could study the fluidized deposit in the track part of the path. The two main observations are that: (i) the erosion depth varied between 0.7 m and all of the new snow (about 1 m); and (ii) at least in the surveyed area, erosion was followed by deposition. The area of strongest erosion was just below the upper bend of the Däras gully, after the fluidized flow had climbed up the gully bank. At the same location, at least as much snow was deposited, however. This indicates that there were substantial velocity or mobility differences even within the fluidized flow. There were also areas where 20-30% of the new-snow cover remained intact and the deposited snow mass was less than half of the mass eroded at the same location.
An interesting question for understanding and modeling the dynamics of fluidized flow is how far eroded snow travels on average: Long displacement would imply complete entrainment and strong mixing, while short displacement would indicate that the flow broke the snow cover at some level, e.g., along a weak layer, and dragged the eroded material some distance without truly incorporating it. The natural tracers provided by needles and twigs stripped from overflowed spruce trees in the path might have allowed such a study, but we were not yet aware of the interest of this question and also lacked time. However, the tracers in the snow pits P 1 and P 2 (see the Supplementary Materials, Section S2) could not come from the immediate vicinity. The random embedding of snow clods also points towards thorough mixing in the flow and a relatively long travel distance of eroded snow.
The fluidized flow in the much larger avalanches at Albristhorn and Scex Rouge eroded a (presumably harder) snow cover to a similar degree in the run-out zone on level or upwards sloping terrain. We may very roughly estimate the mean erosion rates for the three events if we make reasonable assumptions about the length, l f , and mean speed, u s , of (the eroding part of) the fluidized flows. Our assumptions and the resulting erosion rates are listed in Table 3 . Table 3 . Assumptions about the properties of the fluidized flows of the Vilan avalanche near the gully bend and the Albristhorn and Scex Rouge avalanches in the run-out zone (counter-slope, ↑) with Type 2 deposit, and the resulting mean erosion rates.
Vilan
Albristhorn Scex Rouge A first-order estimate of the entrainment capacity of a gravity mass flow is [82, 83] 
where q e (kg m −2 s −1 ) is the erosion rate,ū is the depth-averaged flow speed, τ b is the bed shear stress, τ g = ρ f h f g sin θ (Pa) is the gravitational traction along the slope, and τ c is the characteristic shear strength of the bed. This formula assumes that the flow speed is approximately constant and known. Clearly, the second approximate equality does not apply on a counter-slope; erosion during up-hill motion is also possible (and has been observed many times) as long as τ b > τ c . For the Vilan avalanche, the erosion rate estimated in Table 3 requires τ g − τ c in the range 0.3-1.5 kPa. We expect τ c in the range 0.5-1 kPa, hence τ g = 0.8-2.5 kPa. Only values near the lower limit of this range appear realistic for an avalanche of this size, e.g., h f = 2-3 m, ρ f = 70-100 kg m −3 . As with many other estimates in this paper, the uncertainty is very large, but useful bounds on the flow parameters emerge. On the basis of data from profiling radar (see ([45] Figure 3 ), [46] , and ([16] Figure 8b) ), near-front erosion rates of 100-330 kg m −2 s −1 at Vallée de la Sionne are inferred. The front velocity ranged from 40 m s −1 to about 70 m s −1 . To fully entrain such massive amounts of snow, momentum conservation would require the frontal region of these avalanches to have an average gravitational traction of more than 5-15 kPa, depending on the event. On a slope of approximately 30°, this would require the avalanche to have a mass per unit footprint area of 1000-3000 kg m −2 . These numbers are in clear disagreement with the measurements of flow depth and average pressure. The immediate conclusion is that the profiling radar measures, not the entrainment rate, but the erosion rate, i.e., the rate at which the texture of the snow cover is destroyed. The eroded mass is then only gradually set in motion and entrained by the avalanche. This elementary application of momentum conservation to solid experimental data should have important consequences for the modeling of entrainment in numerical avalanche models. In the earliest continuum avalanche model, Eglit [84] modeled snow entrainment as a shock at the front, with the entrainment depth set beforehand by the user. If observed values of erosion depth and front velocity are assumed, the (dense) avalanche front must be unrealistically high to create the hydrostatic pressure gradient that is needed to accelerate the eroded snow across the shock front. Similar problems plague present-day models as well. See [83] for a theoretical analysis of the constraints imposed on models of erosion by scour.
Entrainment by the Suspension Flow
At Albristhorn, we were able to access the area of Type 3 deposit on the counter-slope. Beyond the Type 2 deposit, the deposited layer was only a few centimeters thick, implying that the sedimentation rate was low. We could not find evidence for erosion underneath the deposit, but our observations only exclude erosion depths of 0.1 m or more. On the basis of the visual appearance of the Type 3 deposit, we believe that erosion by plowing, ripping or eruption [85, 86] can be excluded, and a generous upper limit for erosion by scour is 1 kg m −2 s −1 in this event on the counter-slope.
One should indeed expect the suspension flow to erode under the conditions that prevailed during the event. Near the ground, the pure suspension flow is then similar to blowing snow. From Figure 4 in [87] , one can infer erosion rates of the order of 10 −3 kg m −2 s −1 for a particle-free strong breeze blowing over a level snow surface. The suspension layer is significantly faster and contains snow grains that are highly effective in ejecting snow grains from the snow cover upon impact. Erosion rates near the upper limit from our estimations therefore appear plausible.
Conclusions
Our study exemplifies how one may arrive at reasonably firm conclusions about important mechanisms in avalanche flow despite many ambiguities and large uncertainties in the underlying data. The key is to combine observations of different aspects of the same avalanche event and to apply simple physical reasoning to rule out alternative interpretations of the data or narrow down the ranges of flow variables. Our estimates are fraught with large uncertainties individually, but, when taken together, they reveal a coherent picture that is also supported by recent experimental findings [12, 16] . Cross-comparison of estimates from different events may also increase the credibility of these inferences.
Some of the results that we believe to be novel are the bounds on the density of the suspension flow and the velocity of the fluidized flow from the run-up heights and the inference that the largest frontal entrainment rates inferred from profiling radar data [46, 88] should be interpreted as erosion rates, while the corresponding entrainment rates often must be significantly smaller. Moreover, it seems that such a clear distinction between deposit types in mixed dry-snow avalanches and their association with different flow regimes has not been demonstrated in the literature yet. Another valuable result is that several avalanches had fluidized-layer densities in the same range of 30-100 kg m −3 , which is compatible with the grain inertia regime of granular flows and experimental measurements.
Field observations such as ours cannot substitute for dedicated experiments at well-equipped test sites. However, those experiments are difficult, expensive, and limited to a few sites worlwide. Results of practical value as well as additional insight into the importance, variability, or scaling behavior of different processes can be gained by comparing avalanches from a larger number of sites, which comprise a wider range of path characteristics. The analysis methods of our study will need to be modified or supplemented by other types of estimates when analyzing other avalanche events. The examples presented may, however, serve as an indication as to which observations will be valuable and that one should approach the field work and the subsequent analysis from the perspective of the open flow-mechanical questions. 1 2 m s u 2 0 , where m s denotes the suspended snow mass and u 0 the velocity at the lowest point. This does not contradict energy conservation because the (neutrally buoyant) air inside the avalanche does not require net energy input during the ascent, but some of its kinetic energy is converted into potential energy of the snow particles in the process. Conversely, if H and U 0 are observed, an upper limit on the initial particle concentration in the flow can be derived from energy conservation. Effects complicating the energy balance are bed friction, turbulence, and the vortical motion of the head, entrainment and deposition of snow particles along the slope, and air entrainment. For simplicity, we neglect bed friction, thermal effects on buoyancy, and the generation of turbulence by shear in our simple estimate. Including them would lead to a more stringent upper bound on particle concentration.
At the valley bottom, the suspension flow, consisting of snow with mass m s,0 and air with mass m a,0 , has potential energy V 0 = 0 and translational kinetic energy K 0 = 1 2 (m s,0 + m a,0 )u 2 0 . In addition, there is kinetic energy R 0 associated with the vortical motion of the head. Laboratory measurements [51] indicate that the velocity (in a reference frame fixed to the terrain) is close to 0 at the upper surface of the suspension layer and close to twice the average velocity near the bottom. This indicates that the stress due to turbulent entrainment of air is considerably larger than the bed shear stress-in contrast to dense flows, which tend to exhibit conveyor-belt-like motion. If the head vortex resembles a rigid rotation of a cylindrical body, its angular velocity is ω = 2u/h, h being the height of the cloud and u the local depth-averaged velocity. Integration of the kinetic energy of vortical motion gives R = AK. If the front vortex encompassed the entire cloud, A = 1/2 would result; in a real avalanche, we expect 0.1 < A < 0.2. The total energy at the valley floor then becomes
During the ascent, the air mass increases to m a,1 while the snow mass typically decreases due to deposition at a variable rate dm s /dz < 0, hence m s,1 < m s,0 . In some cases, dm s /dz can be obtained from field measurements. We set dm s /dz ≈ (m s,1 − m s,0 )/H and m s,1 = (1 − B)m s,0 and obtain the total potential energy of the suspended and deposited snow mass at the end of the ascent as
The value of B ranges from 0 to 1 and depends strongly on the situation. The suspension layer often incorporates a large amount of air as it impacts the counter-slope and ascends, but again we have limited knowledge of the magnitude of this effect and simply write m a,1 = Cm a,0 ; typical values of C might be in the range 3-10, increasing with H. The kinetic energy is written analogously to Equation (A1) as
The growth of the snow cloud raises the center-of-mass of the snow relative to the ground by some amount ∆h CM , but we neglect this effect. A more important process is particle settling-it consumes turbulence energy, which in turn is replenished from translational kinetic energy via shear stresses generating turbulence. We assume the total turbulent energy in the cloud to remain approximately constant and estimate the contribution from settling as D s ≈ (1 − B/2)m s,0 gw s ∆t in terms of the mean particle settling speed w s = O(1 m s −1 ) and the ascent time ∆t ≈ H/(ū sin θ); here,ū u 0 /2 is the mean front speed during the ascent and θ is the mean slope angle. We can absorb this term in the potential-energy term by replacing H by H ≈ 1 + w s u sinθ H. Combining all elements, we obtain
Next, we express the masses in terms of the initial cloud volume V 0 , the volumetric particle concentration ν 0 at the valley bottom, and the intrinsic densities of ice,ρ i = 917 kg m −3 , and air, ρ a ≈ 1.2 kg m −3 , as m s,0 = ν 0ρi V 0 and m a,0 ≈ρ a V 0 . Equating E 0 and E 1 , we arrive at
For the situation we consider, both the numerator and the denominator have to be positive. If multiplied by 1 2 (1 + A), the numerator represents the kinetic energy density of air converted into potential energy of the snow particles. Multiplied by the same factor, the denominator is the part of the potential energy (per unit volume of solid ice) that is not supplied by the kinetic energy of the snow. The resulting limit on c 0 tends to be small, i.e., the suspension layer is dilute and in or near the Boussinesq regime.
Incidentally, Equation (A5) may also describe another regime where both the numerator and the denominator are negative. In this case, air ingestion is so strong that a part of the snow kinetic energy must be used to accelerate the entrained air. Such a situation may occur during the formation of the powder-snow cloud (with ∆H < 0) or on relatively gentle counter-slopes combined with an obstacle (e.g., a catching dam) that intensifies turbulent mixing; furthermore, c 0 should be fairly large so that the flow is in the non-Boussinesq regime.
Typically, one has 2−B 1+A 1 . The value of C is very uncertain, but, if u 1 can be estimated, C = (u 0 /u 1 ) 2 is the upper bound in the dilute regime and the lower bound in the non-dilute regime. For avalanches with 2g∆H
(1 + A)u 2 0 , the main uncertainty in evaluating Equation (A5) is due to the cloud growth factor C. The formula will not give meaningful results if the numerator of the second fraction on the right-hand side, u 2 0 − Cu 2 1 , is significantly smaller than the denominator.
